Introduction
The earthquake design and analysis of dams are one of the most important problems since their failure could result in major loss of life and cost. An integral part of any design process is numerical and analytical techniques that are used to obtain design parameters. Any analysis process is evaluated by its capability to reproduce or predict observed behavior. Dynamic properties such as natural frequencies, mode shapes and damping ratios are very important parameters in response of structures to earthquakes. Analytical techniques make some simplifications assumptions to achieve these kinds of properties. These simplifications may lead to unreasonable results because of the complexity and some uncertain parameters of the coupled system. Some uncertainties of a dam-reservoir-foundation system are: a) material property such as concrete, jointed anisotropic rock masses, sediments, and reservoir bed structure b) geometry such as topographical lines and effective mass distribution, joint's contact surfaces, foundation cavities, reservoir shape c) initial load condition, for example, noise, pore pressure, temperature, stress and boundary conditions d) actual main load estimations. Full scale dynamic tests are recognized as the most reliable method to evaluate a structure's vibration properties. Require for this kind of tests is increasing as new analysis techniques are developed to consider the complex interaction phenomena that occur in many structures and particularly in dam-reservoir-foundation systems. In fact, the performance of the state-of-the-art numerical methods used to evaluate the seismic behavior of dams can only be truly assessed by correlation with experimental results obtained on existing structures.
Experimental investigations such as forced and ambient vibration tests are very useful for this end, even with a low-level excitation. There are different kinds of vibration tests, which are used to obtain the dynamic properties of the structures. Forced vibration test on the existing structures is one of the exact and assurance methods to derive the dynamic properties of structures that can legitimize the cost of this kind of tests. Most common types of the forced vibration tests are steady-state sinusoidal excitation. Applying the harmonic load on the structure for different frequencies that so-called frequency sweeping, is applied and the dam-reservoir-foundation response in a time domain is recorded. The dynamic properties can be achieved by processing of these responses using the Fourier transformations .
Hatano and Takahashi were the firsts who used auto correlation techniques on experimental data to obtain the vibration period of structures. They used this method to evaluate dynamic properties of concrete arch dam using data collected on the crest of the dam during the earthquake [1] . The same research was carried out by Takahashi earthquakes were employed in a system identification study. In all cases, two fundamental modes were identified with symmetric and antisymmetric shapes, and the symmetric mode has the lower frequency than the antisymmetric mode. However, the natural frequencies and damping of the identified modes vary [13] .
While the state-of-the-art mathematical modeling for dynamic analysis of concrete dams has advanced rapidly during the recent years, a few studies have been done with experimental tests all around the world and particularly no previous experience in Iran. In this research, the first forced vibration test on a modern concrete arch dam in Iran is performed using insufficient available equipments. Absence of efficient equipments such as an adequate number of sensors for response recording and exciters with appropriate excitation force made us to use some innovation during the test process. Classical signal processing method using different kinds of spectra such as Auto Power, Cross Power and Coherence Spectrum on the records of the forced vibration tests is used to evaluate dynamic properties of concrete arch dam. Although these kinds of tests on several dams in different countries have been performed by different researchers, a non-traditional approach to forced vibration testing was adopted for the experiments on this dam. Typically tests are performed with large operating staffs and a significant amount of test equipments. The forced vibration test described here was designed so that to operate efficiently by using a minimum number of equipments which were available .
Forced vibration tests on Shahid Rajaie arch dam

Forced vibration tests were conducted using IIEES (International Institute of Earthquake
Engineering and seismology) testing facilities in the following manner:
• Two exciter units with different characteristics: one single motor and one double motor exciter unit with maximum 30 and 20 KN exciting forces respectively were available and used. These exciters are commonly used for small structures like buildings. As these exciter units had different properties and small forces to can be used for huge structures such as dams, some electronically and mechanical device is designed and used to control synchronization of exciter's operation to make almost considerable exciting force and their operation in two in-phase and out-of phase conditions.
• Two types of response recording sensors, nine FBA-11 accelerometer and nine SS-1 seismometer: These two different sensors were used because of their availability.
• Six SSR-1 data acquisition system and two Portable computers
• Some other electronic and mechanic devices also were used .
Efficient arrangements of Exciter units and Sensors
The sensors, nine FBA-11 accelerometers and nine SS-1 seismometers, are applied during these tests .
Forced vibration tests operation
Two exciter units are bolted on the dam crest at the specified positions. Response recording sensors are installed and balanced on the dam crest and one gallery according to the first specified arrangements .
Preliminary tests are conducted in which a survey of the dam response is made using two different kinds of sensors on the crest. During this tests appropriate sample per second (SPS) and gain for response recording is selected 83.33 and 10 respectively. To find the efficient range of frequencies for sweeping tests a series of on-off test in-phase and out-off phase conditions with maximum frequency (14 Hz here) is carried out. In this manner, the resonant frequencies for both symmetric and antisymmetric modes can be quickly approximated. The approximated natural frequencies during the preliminary tests are used to set appropriate frequency increments during the main forced vibration tests to find exact resonant frequencies. A sample of on-off tests records and corresponding power spectrum density indicating some preliminary approximated resonant frequencies are illustrated in figure 4.
Typically, a small frequency increment, 0.1 Hz is used to accurate the resonant peaks. The same frequency increment is used in this research around the preliminary frequencies.
Evaluation of dynamic properties using forced vibration records
Processing algorithm of test records to evaluate natural frequencies, shape modes and damping ratios is illustrated in figure 5 . Baseline correction, low and high pass filters are applied to the records. Auto-Power Spectrum Density (PSD), Cross-Power Spectrum Density (CSD) and Coherence Spectrum are used to obtain main resonant frequencies. CSD is complex function and so have real and imaginary part. Amplitude versus frequency can be used to determine natural frequencies and phase of CSD can be used in obtaining the shapes of vibration modes. Coherence spectra used to verify of obtained frequencies from PSD and CSD spectra. Coherence spectrum varies from zero to one indicating no relation and full relation respectively. A sample of different spectra for one of the records obtained from signal processing is indicated in figure 6 .
To determine the mode shapes, the phase and coherency Fourier's spectra is used. Here by calculating the phase discrepancies of each point with respect to the reference station and, with observing the coherency spectrum, the modal displacement sign of each station point could be determined. There are cases in which the reference station does not enable obvious phase distinction and thus other stations are examined to account for a clear and meaningful phase difference and coherency with the station concerned. To determine the damping ratios at resonance frequencies, the half power method is employed. Half power method is based on displacement spectra, and so all response spectra first is converted to the displacement spectra according to the following equations.
in which f is frequency and " ( ), " ( ) and " ( ) are power spectra of velocity, acceleration and displacement respectively.
Finite element analysis
The 
Forced Vibration Tests results
The natural frequencies and corresponding damping ratios, which are obtained from forced vibration tests are presented in table 2. The results reveal that the error of approximation is rather large for low natural frequencies in comparison with high frequencies due to low exciting forces on low frequencies. 
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Conclusion
The first forced vibration test on an arch dam in Iran was performed in this research using unsatisfactory available equipments. These tests were carried out for in-phase and out-ofphase circumstances of exciter units for two arrangements of sensors. Good conformities between corresponding shape of modes are achieved for eight frequencies obtained from tests related to 5th to 12th vibration modes. The first four modes of vibration of the dam are not identified using forced vibration tests due to very low forces of exciters on low frequencies. 
